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equation (28): The numerical constant should be 0.0540 instead
of 16.2.

equation (29): The numerical constent should be 0.00171
instead of 0.246.

equation (C7a): The exponent of T . should be 3.815 instead of
3.82.

equation (C7b): The numerical constant should be 0.93x10~10
instead of 0.97X10-10

equation (C8b): The numerical constant should be 4.05 instead
of 4.20.

equation (Cllb): The numerical constent should be 1.71X10-3
instead of 1.65X10-3

figure 11(c): The ordinate values should be 10 times as large
as the values indicated.
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EXPERIMENTAL, DETERMINATION OF TIME CONSTANTS AND NUSSELT NUMBERS
FOR BARE-WIRE THERMOCOUPLES IN HIGH-VELOCITY AIR STREAMS
AND ANATYTIC APPROXIMATION OF CONDUCTION
AND RADTATICON ERRORS

By Marvin D. Scadron and Isidore Warshawsky

SUMMARY

Experiments were conducted to determine time constants of several
bare-wire thermocouples mounted in cross flow to an air stream. Four
palrs of common thermocouple materials as well as three different wire
diameters were used. The probes were tested at the exit of a room-
temperature Jjet exhausting into a pressure controlled chamber. The Mach
number range wes 0.1 to 0.9; the range of Reynolds number based on wire
diameter was 250 to 30,000.

For the configurations tested, thermocouple material, wire diam-
eter, gas pressure, and Mach number were shown to influence the time
constant. From these data, a correlation between Nusselt and Reynolds
number was obtained for the range of Mach and Reynolds number stated.
The correlation is

Fu = (0.427%0.018) (Re¥) (0-51520.005); 0.3

or

¥u = (0.47840.002 )fRe* Pr0->

with average deviations of 'a single observation of 6.9 and 7.4 percent&~'
respectively. The value Re* is a Reynolds muber computed by evalu-
ating gas viscosity and density at total temperature; Nu is Nusselt
number computed by evaluating gas thermal conductivity at total tempera-
ture, and Pr is the Prandtl mummber of the gas.
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Graphs and nomographs are presented for the computation of approxi-
mate radiation error, conduction error, and time constent for thermo-

couples.

Anslytic determinations are also presented of the effects of dis-
gimilarities in wire materlal and wire diameter on the steady-state tem-
perature distribution in the exposed portion of the wire, and of the
effect on time constant of conduction along the thermocouple wire to the

supports.

TNTRODUCTION

Performance evaluation end control of Jet engines, as well as the
fundsmental study of the related combustion phenomena, depend consider-
ably on a knowledge of the steady and variable temperatures of the gas
within the engine. At present, these temperatures are most commonly
moeasured with thermocouples. The measurement accuracy is generally
dependent on the temperature level, the gas velocity, the temperature of
the surrounding walls, and the thermocouple construction. The design of
a thermocouple for any particular application represents a compromilse
among the contradictory factors of accuracy, life, ruggedness, and
rapidity of response to changes as they are influenced by conduction and
radiation losses, partial adiabatic recovery, erosion, size, and con-
vective heat-transfer rate wlith the moving gas.

Whether a thermocouple is designed to respond rapidly to tempera-
ture changes or to measure accurately the steady-state temperature of
the gas, the controlling factors are the same, although the orders of
Importance may be different., Although this report is concerned prin-
cipally with speed of response, consideration of the related steady-
state accuracy is included.

Limited data have been available for estimating time constanmts and
these data are for certain thermocouple designs and for a& small range of
operating conditions. Data presented in reference 1 are time constants
of bare-wire and radiation-shielded thermocouples at Reynolds numbers
(based on wire diameter) from about 15 to 900 and Mach numbers from 0.05
to 0.14, The work was performed in exhaust geses at 1000° ¥, at gas
velocities up to 250 feet per second, and with a step change of approxi-
mately 700° F. For a given thermocouple, the time constant was found to
vary with the 0.5 power of the Reynolds mumber. Additionsl response-
rate data on very fine wires for a Reynolds mumber range of 3 to 340 and
& Mach number range of 0.02 to 0.1 ars presented in reference 2. As
shown in reference 2 and In other references, the study of response
rates can be tantamount to the measurement of Nusselt mumber. The rela-
tlon between Reynolds mumber and Nusselt mumber, and therefore response
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rate, for cylinders in cross flow 1s represented in a compilation of
data in reference 3 for a Reynolds number range of 0.1l to 250,000 and
Mech numbers up to 0.1l. As gas velocity approaches the sonic value, it
1s conceivable that compressibility effects, as represented by the Mach
number, may influence the Nusselt number. This influence ls shown by
the data presented in reference 4, These data were obtained 1n the
Reynolds number range of 80 to 550 and Mach number range of 0.4 to 2.2.

The present work was undertaken to evaluate time constants of some
representative types of thermocouple probe that are applicable for use
in jet-engine operation. Experimental determinations were made of the
time constants of bare-wire thermocouples in cross flow to an air stream
for Reynolds numbers betwsen 250 and 30,000 and for Mach mumbers between
0.1 and 0.9. Nusselt numbers were computed from the experimental meas-
urements. The ranges of Reynolds and Mach number reported by refer-
ences 1 to 4, inclusive, as well as those presented herein, are shown in
figure 1.

The assoclated theoretical analysis serves to evaluate the possible
effects of conduction on the time constant and to provide an estimate of
the conduction and radiation errors that can be expected in steady-state
temperature indication. For the range of conditlions covered, the data
ald in establishing the relation among WNusselt, Reynolds, and Mach
nunbere to an accuracy adequate for estimating conduction and radiation
errors and thermocouple time constants.

The work reported hereln is part of a program of research in high-
temperature measurements belng conducted at the WACA Tewis laeboratory.

THEORY

Method of theoretical treatment. - The theoretical treatment of
this section will first define the concept of "time constant" as it
appears in the most elementary case of convective heat transfer. Then,
in the treatment of the more general case of combined convective, con-
quctive, and radiative heat transfer from a single wire, the manmer in
which the time constant is affected by the presence of conduction and
radiation will be shown. This treatment will lead to theoretical form-
ulas for the approximate steady-state conduction and radiation errors.
The Interrelation between the thermocouple response rate and the factors
effecting the steady-state errors will be demonstrated in the section
Basic example. Next, there will be conslidered several more complex
situations of practical interest: the single wire replaced by a thermo-
couple, & thermocouple with intermediate supporting wires, a single wire
subJjected to a step change from initlal conditions different from those
considered under Basic example, and a single wire heated electrically.
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Finally, it will be shown how the introduction of empirically determined
constants into the theoretical formulas may be used for the numerical
computation of the approximate values of radiation error, time constant,
and conduction error. The symbols used throughout this report and the
detailed mathematical procedures that lead to the results presented in
this section are given in appendixes A, and B and C, respectively.

The heat-transfer relation for a bare-wire thermocouple used to
measure the temperature of an air stream will be developed under the
. Pollowing assumptions:

(a) The difference between thermocouple temperature and air-stream
temperature is small compared with the absolute temperature level.

(b) The thermocouple dimensions are small compared with the dimen-
sions of the duct or other solid enclosure,

(c) Radial temperature gradients in the wire may be neglected, so
that the temperature at any cross section is constant throughout that
cross section.

(d) The thermocouple is constructed in one of the forms shown in
figure 2, with the thermocouple junction midway between the supports, -
and with the support temperature remaining constant or else changing
very slowly as compared with the thermocouple-junction temperature. .

Elementary case, excluding conduction and radiation. - In the
absence of conductive and radiative heat transfer, the balance between
rate of accumlation of heat in an element of length of wire and rate of
convective heat transfer to the same element of length would be expressed
by a simple total differential equation

dry,
PyCy V 3z = hA(Tg - Ty) (1a)
vhere
A surface ares
2 specific heat of wire
h convective heat-transfer coefficlent
T effective gas temperature

Tw wire temperature
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t time
' volume
wire density

Equation (la) may be written

at g

where T 1s the time constant of the wire. Characteristic of equa-~
tion (1b) are the facts that :

(a) In respomse to a sudden "step change" in gas temperature from
en initial value - Ty (at which time T will be taken equal to Tq 1)
2

the wire response will be given by

t/7

to a new constant value T 5
8,37

T, =Tg o+ (t['g,1 - Tg 2)e (2)

(b) In response to a sinusoidal fluctuation in gas temperature, of
anguler frequency ww, represented by

T = Tg ay +T 8in (wt)

and initiated at time +t = 0 (at which time T,, will be taken as equal

to Tg &v)’ the wire temperature will be given by
2

T - -t
Tszg av"""'_T"“ sin [-wt—tanl(wq-il +—%e /T (3)
’ w2 T2 L4w® T :

General case. - In the presence of conductive and radiative heat
transfer, equation (1) must be replaced by a partial differential equa-
tion involving x, distance along the wire, as a second independent
veriable. The solutions for response to a step change or to a sinus-.
oidal fluctuation are correspondingly more complex. Examination of
these equations 'and comparison with equations (2) and (3) indicate,
however, that, under the assumptions initially stated, it is still poss-
ible to have a characteristic time constant 1 for the thermocouple
(although it may no longer be numerically equal to that appearing in
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equation (1b)) and the behavior of the thermocouple junction cen still
be described by equations of the form of eguations (2) and (3).

In order to indicate the form of the time comstant in the more
general case, as well as to evaluate the errors in steady-state tempera-
ture indication that are caused by conduction and by radiation, the gen-
eral heat-transfer equation will be derived.

For an element of length Ax of one of the wires, the rate of
storage of heat g, 1s equal to the sum of the rates of heat transfer
into the wire elemént by the processes of conduction, convection, and
radiation. These rates of heat transfer will be denoted by qx, dc,
and q;., respectively, so that

ap Ax = (q + g, + q,) 4x (4)

The following additional symbols will be used:

D wire diameter

kg thermel conductivity of gas :z
kw thermal conductivity of wire ]
L length of wire between supports ”

Nu Nusselt mmber

T equivalent duct temperature, defined as absolute temperature of a
black-body enclosure (of included solid angle 4x) whose radia-
tion to thermocouple, through gas, will be same as that of

actual duct
Tw n absolute wire temperature at thermocouple jJunction
2
a effective absorptivity of gas for black-body radiation at

8,4 temperature Td
effective emissivity of gas
emissivity of wire

o] Stefan-Boltzmann constant
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The rate of storage of heat in unit length of the wire is

oLy 212 (5)

=P s 4

The net rate of heat transfer by conduction through the ends of
unit length of wire is
3BT 0P
W
% = kK, —0 — (6)
e = dx% 4

The rate of heat transfer by convection into the surface of the
wire per unit length of wire is

~

Nu k
9 =~ (Tg-T,) =D (7)

From the surface of unit length of wire, the radiant power emitted
g _ is oev"['w'ier,. the power received from the gas is ceweng‘ln:D, and the

power recelved from the duct by transmission through the gas is
oew(l-@g d)Td41tD. Hence, the net rate of heat transfer by radiation to
2

the surface of unit length of wire is

_ 4 4 g 4
Q. = O€, I:(l’“g,d)Td + €Ty Tw:) 7D (8)
4 . 4 3
However, if (Tg—'l'w) /Tg:}<<1, the approximation T, -T_~ = 4Tg (Tg‘Tw)
mey be introduced, permitting equation (8) to be written

_ - 4 _ _ 4 3 _
9, = 0ey El “g,a) ) (1 eg) Tg] D + 4Tg e (Tg TW) 7D (9)

An analysis of the shape factors that enter into the determination of
Td is presented in reference 5.
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Substitution of equations (5), (6), (7), and (9) into equation (4) -~

yields
r, 1 T .
W
T = — + T, - T (10)
3 nfaf TV
where T, 71, and Tf are defined by
D?
p
Tl = _ﬂ (11&)
4 Nu kg
opr?
=8 (11p)
By
Nu kg
4 Nu
s (11c)
1
¥k,
T .
1
T = (114)
) (148, € /Tg) ' p
Prey
P = @ahye, /T (1e)
1% 23
le = 1]12 (l+4Blew/Tg) (1]-1?)
s\
To =T, + BEl—ag’ &(@) - (1- egil (11g)
For purposes of future computation, it is also convenient to
introduce the thermal diffusivity of the wire p
ky
K=o (11n) -

Vi w
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so that equation (11f) mey also be written
2 =1/k T (111)

The physical significance of the quantities appearing in equa-
tions (11) becomes apparent upon examination of the solutions of equae-
tion (10) for some simple boundary and initial conditions, as treated in
eppendix B.

Under conditions of & steady gas temperatures, the corresponding
steady state of the wire (JT,/dt = 0) is one in which the balance of

heat-transfer rates by conduction, convection, and radiation produces a
wire temperature T, that is different from the gas temperature ‘l‘g
end is given by

4
Ty =Tg + B[(l-a,g @(%) - (1-eg):) + (Tp-Tp) ¥ (12a)
? g

where V = Y(n,x), and T, is the temperature at the supports, x =0
and x = L. '

The quantity T _  includes the effect of radiant heat transfer and

represents the temperature the wire would assume 1f there were noc con-
ductive heat transfer. The “rediation error" is therefore given by

4
BEl—o&}&(%) - (1-eg)] | (132)

An alternative form for the radiation error is

4
- a
B El_o'g:d)@;) - Cl-egz} (130)

where

. Bl &y
( 1"'4El€w €g/ Tyr)

(13c)
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4

™
=
il

This alternative form 1is useful when the indicated wire temperature Tw
i8 known, and it is desired to determine the radiation correction to be
applied to the reading in order to obtain T . The use of the alterna-

tive quantity 'E permits expression of equa%ion {12a) in the form
Ta\* (T, -T,) b

The intermediate quantities B and ﬁi are introduced merely for con-
venience in writing the equations. The effect of conductive heat trans-
fer is to make the steady-state wire temperature different from T..

The magnitude of this difference and hence the "conductive error" i1s a
function of 1 and is directly proportional to (Tf—Tb). An additiomal

effect of conductive heat transfer is to produce a nonuniform tempera- W~
ture distribution along the length of the wire, ranging from a value Ty
at the supports to a value T ' m at the midpoint of the wire (thermo- © L

couple Junctiom).

If both thermocouple wires have substantially the same dlameter and
thermal conductivity, they also have substantially the same 1. The
steady-state conduction error at the midpoint, where =x = L/Z, is then

(T-Tp) Yy (14)
where, as shown in appendix B, section II,
Vp = sech {nL/2) (15)

If the gas temperature is changed to a new value, the wire
epproaches a new steady-state value, involving a new value of Tf. The

approach to the new vaelue is at a finite rate, determined by the quan-

tities T and 1. In the absence of appreciable conductive and radia- .
tive heat transfer, the wire has a time constant Tj; in the absence

of conduction only, the time constant is T; in the presence of a
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N

moderate amount of conduction, the thermocouple Jjunction acts approxi-
mately as though it had a time constant

T (1) (186)

Bagic example. - An illustrative example is the simple case where
both thermocouple wlres have substantlially the same diemeter and thermal
conductivity. If (a) the gas temperature is suddenly changed from a
value ‘I'g 1 ‘to a new steady-state value 'I‘g 2 (step change), (b) the

§/ . )]
thermocouple was initially in equilibrium with the gas, and (c) Tg 1 >
J
Tg’z >Ty,>Tg, the response of the thermocouple Junction is shown in

figure 3(a), where the variation of Ty,m With time is indicated. The

initial and final distributions of temperaturs al the wire ars shown
in figure S(b), where the variation of Tw with x/L 1is indicated at

times t = 0 and (t/1)> ®. The derivation of the equation for steady-
state temperature distribution along the wire 1s presented in section II
of eppendix B. The effect of parameter 1L upon the distribution is
shown in figure 4. The equation for time response of the thermocouple
Junction is derived in section VI of appendix B, resulting in equations
(B39) and (B40). If the wire is subjected to & simusoidal veriation of
temperature rather than a step change, the time response of the thermo-
couple junction, derived in section VII of appendix B, is given approxi-
mately by equation (B53).

Comparison of equations (B40) and (B53) with equations (2) and (3),
respectively, leads to the conclusion that the effect of conduction is
to attenuate the temperature change by a factor of (1- m), to multiply
the time constant T by the same factor, and to add a steady conduction
error equal to VY, times the difference between the support temperature
and the average impressed temperature Tf.

Other examples. - In addition to the simple example Just discussed,
four basic alternative situations are of Iinterest. The first of these
1s the case when the two thermocouple wires have radically different
values of the quantity (kwnDz).- The expressions for conduction error
end effective time constant become more complex, but an equivalent
quantity (n'L) can be defined in terms of the quantities (nAL + gL,

(npL - npl), and CkwnDz)A/(kwnDz)B, where the subscripts A and B
pertain to the two thermocouple wire materials. An equivalent quantity
*'m can be used in the expression for steady-state and transient res-

ponse discussed previously. The steady-state conduction error for this
situation 18 discussed in greater detail in section III of eppendix B.




12 NACA TN 2599

The second alternative situation of interest is one in which the
thermocouple junction is mede between two wires which are attached to
the supports through intermediate wires of diameters different from
shose forming the junction (fig. 2(c)). Here again equivalent quanti-
ties (q"L) and V", can be defined in terms of the 1L values and
the ky nDz ratios. The steady-state conduction error for the case
where both thermocouple materials have substantially the same thermal
conductivity is treated in detail in section IV of appendix B. Combina-
tion with the case discussed in the preceding paragreph is possible in
order to include the effect of an appreciable difference between the
thermal conductivities of the two wires.

The third alternative situation is one in which e step change to a
constant value of gas temperature Tg,z is applied to a thermocouple
that is initially at support temperature rather than being initially
at equilibrium with the gas stream. This procedure is descriptive of the
lag-testing technique described in reference 1. The thermocouple
is initially shielded from the hot gases by a tube through which cooler
ailr is blown. The tube is then suddenly removed, exposing the unit to
the hot gases. The response is shown graphically in figure 5. Mathe-
matically, it involves replacement of the multiplier (Tf 1—Tf,2) in
equation (B40) by the multiplier (T,-Te o). 7

The fourth alternative situation is represented by the experiments
described in this report in which the heating effect of an electric
current was used to raise the temperature of the wire artificially and
the step change was produced when the current was broken. This situa-
tion involves the addition of a term ggAx = W Ax to the right side of
equation (4), where W is the power dissipated per unit length of wire.
The effect of this term is merely to add the quantity W/ﬁ Tu kg to

the right side of equation (11g) for T,. The effective time constant
is unaffected. The response is shown graphically in figure 6.

Computation of time comstant, conduction error, and radiation
srror., - The Nusselt number Nu enters into formulas (1la) through (11f)
for the constants T,, By, and nlz that are required for the com-
putation of radiation error, conduction error, and effective time con-
stant. It is conventional in heat-transfer work to express this mumber
.n terms of the fluid properties and dynamic conditions by means of the
relation

Nu = F(Re, Pr) (17a)
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where Re and Pr are the Reynolds number and Prandtl mumber, respect-
ively. Because of the large range of eerodynamic conditions covered in
these tests, the conditions being representative of the possible uses of
the thermocouples, it was found eppropriate to modify equation (1l7a) to
include the Mach number M as a separate independent variable and to
use a sgimple product of powers of the Reynolds and Prandtl numbers es
part of the function F, thus ylelding

Nu = constantxRe® PrP £(M) ~ (17p)

For the purpose of actual computetion, it is desirable, so far as
is convenient, to express the values of Tis Bl’ and nlz in terms of

quantities that are actually measured. Such quantities are the total
temperature and the static and total pressures. For greater conven-
ience, the Mach number M is also introduced as an intermedlate vari-
able, its velue in terms of static- to total-pressure ratio being read-
ily avallable in tables. Then, utilization of the additionasl facts that
(a) both the viscosity and the thermal conductivity of air can be ex-
pressed as proportional to a power of the temperature (appendix C) and
(b) the Prandtl number for air probably enmters as the 0.3 power and the
value of PrQ.3 may be treated as remaining constant (appendix C) shows
that the Reynolds number and, consequently, the Nusselt mumber cen be
expressed as products of powers of the Mach mumber, static pressure, and
static temperature. In appendix C, the expressions for Reynolds mumber
and for thermal conductivity of air are shown to be

Re = constantXDMst-1°19\]7 (18)

kp = constantxTC* 78 (19)

After these expressions are inserted into equation (17b) and the static
temperature is used in the equation for thermel conductivity, equations
(11a), (11b), and (1lc) may be written
2-a
pwcwD
T, = constantx (20=)
paMaTsO.78—l.19a 7a/z £(3)
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paMgTsO.78-l.l9a 2212 £(m)

constantx kaZ
-8

—am 3.2241.19%
oDt a7y

constantx— (22a)
po® 72/2 2(u)

-

(21a)

=
[An
Il

By

where the Prandtl mumber has been included as a part of the comstants.

If gas density, viscosity, and thermal conductivity are evalusated
at total rather than at static temperature, an alternative Reynolds
number Re* is defined

Re¥ = constantxDMth—l'lgﬂ/[n/(l + I%E.MZ)

(appendix C) and alternative forms of equations (17b), (20a), (2la), and
(22a) are

Nu = constantx{Re*)& PrP £*(n)
) (17¢) .
_ y-1 a/a
oy D a<1 + >
T, = constantx P / (20b)
palviaTtO'7 ~1.19a 7& 2 f*(M)
. P
0.78~1.19 2
2 "My 2 45/2 s ()
n,“ = constantx 7 (21b)
a
k, Dz-a<} + Z%l Mé)
3.2241.19 - a/a
GDl_aTt 22+1.1 a(l . Lzl Mz) /
B, = constantx (22p)

222 72/2 £ )
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APPARATUS AND PROCEDURE

High-velocity air source., - The tests were performed at the exit of
a zg-inch-diameter jet that exhsusted into a pressure controlled re-

ceiver (fig. 7). Performance characteristics of the Jet are described
in reference 6. At the test section, a Mach nmumber of 0.1 to 0.9 and a
free-gtream density of 0.04 to 0,10 pound mass per cubic foot were avall-
able. By individual control of the jet inlet and receiver pressures,
any combination of Mach mumber and density for the ranges listed was
obtainable. Each run was made at constent test-section density and
varying Mach number. The total temperature of the air was between 540°
and 545° R and was constent to within 1° during any one reading of a
run. The total pressure and total temperature in the plemum chamber,
and the static pressure at the test section, with the probe inserted
into the alr stream, were used to calculate Mach number and free-strsam
density.

Test probes. - Six thermocouple probes were tested; their dimen-
sions and configurations are shown in figure 8. The four palrs of wire
materials used were chromel-constantan, chromel-alumel, iron-constantan,
and platinum plus 13-percent rhodium - platimumm. Probes A, B, and C
were of the same wire material but of increasing wire diameter; probes
B, D, E, and F were of approximately the sams sige and configuration but
of different wire materials. A seventh thermocouple was also tested for
purposes of comparison with probe B. Thils thermocouple, identified by
the letter G, was a straight chromel-constantan bare wire stretched
across the exhaust of the Jet.

Time-constant determinations. - The time-constant determinations
were made without moving the probe or shielding 1t from the ailr stream.
In order to simulate a higher initlal gas temperature, an electric
current was passed through the thermocouple wire to heat the junction to
about 100° R sbove room temperature. A double-pole, double-throw snap
action toggle switch was then used to disconnect the thermocouple from
the source of heating current and to conmnect it to a recording oscillo-
graph. As indicated under THECRY, this technique served to simulate a
step change from one gas temperature to another. It also served to
minimize any change in the nature of the temperature distribution along
the wire. This distribution itself was, for all wires tested, such that
the contribution of the term TV_ +to the effective time constant was
negligible, For this reason, and because of the technique used for
measuring the time constant as described later, it was also possible to
neglect without serious error two deviations from the assumptions of the
simple theory. These deviations were: first, the base of the thermo-
couple loop, comnstituting the "supports," actually did change tempera-
ture moderately; and second, for the iron-constantan wires an appreci-
able difference exists between the electric power dissipation in the two
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halves of the thermocouple loop and, consequently, an asymmetry in tem-

perature distribution and a difference in the values of Tf occur. For -
example, In the most serious case, that of probe D at M = 0.1 and

Pg = 0.04 pound mass per cubic foot, the value of . 1. 1is 6.6 for the

iron wire and 11.0 for the constantan wire, corresponding to a correc-
tion of 3 percent if the support temperature is assumed equal to the
initiael wire temperature. The ratio of 1L values for the two halves
of the wire was 1.7:1 and the ratio of increase in jf values due to
the heating current was 5:1.

As the thermocouple was cooled, its output was recorded by a criti-~
cally damped moving-coil oscillograph element having a natural period of
0.006 second and hence an effective time constant of 0.002 second. The
record was obtained upon photographic peper that was marked off in 0.01-
second intervals. The paper spesd and oscillograph-element semnsitivity
were constant for all practical purposes. A typical record is shown in
figure 9(a). Figure (b)), a graph of the same data on semilogerithmic
paper, shows that in the region following the "Start of record™ the
relation is sufficiently linear that a single measurement, directly on
the oscillograph record, of the time required for the recorded tempera-
ture to have covered 63.2 percent of the temperature intervel from start
to asymptote is sufficient to establish the time constant for each of
the runs. The time constants were read to a probable error of 0.005
second. For the temperature range encountered in these experiments, it
was reasonsble to assume that the wire calibration (emf/deg temperature .
chenge) remained constant. Each of the measured values of time con-
stant was used as obtained from the records since the maximm conduction
error by equation (16) was never more than 3 percent and usually ebout
1/2 to 1 percent.

RESULTS AND DISCUSSICON

Time constants and Nusselt mmbers. - The data obtained in the
experiments are shown in figure 10 as a plot of the experimentally meas-
ured time constants against the Reynolds number Re based on static
pressure and temperature. The conduction corrsction factor Y, 1is
negligible for almost all the data, being no more than 3 percent in the
extreme case, The radiation correction is also negligible. Conse-
quently, the experimentally meesured time constants are assumed to he
the same as the quantity T, of equation (1la).

It will be noted that points in the lower Mach number region fall
on lines having a constant slope of approximetely 0.5 and that points in
the higher Mach mumber region show systematic deviations from these ;
lines of constant slope. This effect is more strongly indicated by
plots of time constant as a function of Mach number, as shown in
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figure 1l. On the average, these figures indicate that the deviations
begin at approximately M = 0.5,

An slternative presentation of the data is a plot of the time con-
stant ageinst the Reynolds mumber Re* based on an evaluation of gas
density and viscosity at total temperature rather than at static temper-
ature. Such plots (fig. 12) show appreciably smaller deviations at
higher Mach numbers than were in evidence in figure 10 and are equivalent
to assuming for the functions f£(M) and f£*(M) in equations (17b) and
(17¢) the forms

~-1.6%9a

£(M) = (1 + 2L a2) (23a)
%(M) = 1 (23b)
These expressions follow from the fact that
—1069
Re* = Re\(1 + %1 M) (24)

(See appendix C.) If Re* replaces Re, it is reasonable to assume
that the total temperature, rather than the static temperature, should
be used in evaluating the thermal conductivity. Making this assump -
tion and utilizing the values of mean PwCy Tfrom tables I or IT and
of thermal conductivity of air at the operating total temperature per-
mit computation of the Nusselt number by equation (1la). A plot of
this computed Nusselt number against the Reynolds number Re* is
shown in figure 13 for all the 176 data points taken in these tests.
The least-squares solution for the best‘straight line through these
points, assuming that all Nusselt number measurements have equal
probable percentage error, is

(0.51540.005)

= (0.38540.016) (Re*) (25a)

in the Reynolds number range 250 < Re¥ < 30,000. The average deviation
of any point from the line is 6.9 percent. If the exponent of Re* is
fixed at the value %, the least—squares solution for the multiplying

constant leads to

= (0.451:+0.002) \[Re* (26a)
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with an average deviation of any point of 7.4 percent. TFormula (26a) -
will be used in future discussion because of its greater convenience and
negligibly grester average deviation.

If the Nusselt number - Reynolds number relation is to be applied
to gases other than air, the Prandtl number Pr may be inserted explic-
itly in equations (25a) and (26a) by writing them

)(0.515io.005) pr0+3

Nu = {0.42740.018) (Re* (251b)

Na = (0.478£0.002) {fRe* Pr°3 (26b)

where the exponent b in equation (17b) has been set equal to 0.3 in
accordance with the conclusions reported in reference 3, chapter VIII.
Formulas (25a) and (26a) are independent of any assumptions regarding
the value of Prandtl number; formulas (25b) and {26b) are based on a
value of Pr = 0.71 for air at 540° R.

Some of the sources of error, in estimated order of importance, are -
lack of roundness and smoothness of the wire and Jjunctlon, error in
effective wire-diameter measurement, deviation from simple theory be-
cause of changing support temperature, inaccuracy in measurement of time
constant, uncertainty in knowledge of p.c,, use of the arithmeticaelly

averaged p,c. for the two thermocouple materials, and omission of ‘the
conduction correction. The accuracy of the correlation represented by
equations (25) and (26) is dependent on the accuracy of knowledge of gas
viscosity and thermal conductivity at the operating total temperature
(540° R); because all tests were made at constant total temperature, the
accuracy of the correlation and therefore formulas (25) and (26), are
independent of assumptions made concerning the variation of Prandtl
number, gas viscosity, and thermal conductivity with temperature.

A few experiments performed with probe C at a gas temperature of
1500° R showed that the formulas presented remain applicable. The data
are not presented herein.

The compilation of deta presented in chapter VIII of reference 3
glves, for the range M < 0.1, 1000 < Re < 50,000,

0. .
Tu = 0.26(Re) 60 .
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Data (at higher gas temperatures) from reference 1 give the value of 0.5
for the exponent of Reynolds number for the range M < 0.14, 20< Re <
1000. Data from reference 4, at M = 0.38, give

Nu = 0.47 A|Re

The data in references 3 and 4 were based on an evaluation of gas prop-
erties at a temperature substantially equal to the arithmetic average
of wire temperature and total gas temperature. For purposes of compari-
son, the lines represented by formules (25a) and (26a) are shown in
figure 13 together with the curve given in reference 3.

Effective gas temperature Té. - Most satisfactory correlation

between time constant and Reynolds mumber is achieved by evaluating gas
density and viscosity at total temperature. This technique can be ration-
alized by considering that the wire temperature Ty substantially repre-
sents the average temperature of the gas immedistely surrounding the wire
and that this layer of gas offers the principal resistance to the flow of
heat. A graph of recovery temperature ratio T_/T, of a cylinder in
cross flow as a function of Mach mumber is shown in figure 14. The data
are the composite results of a large number of experiments performed at
this leboratory during the past 5 ysars in comnection with other research
projects. These measurements were made s0 that conduction and radiation
errors were minimized and therefore Tg would be gpproximately equal to
Ty for these data. These data agree quite well with values reported
from time to time in the scientific literature. The cross-hatched
section on the graph indicates the average spread of all the available
data, which include the effect of different free-stream air densities.
The ratio of T,/T; is also shown. It is evident that the recovery

temperature T, is much closer to the total temperature Ty than to
the static temperature T,. Reynolds numbers computed at M = 0.9 based
on gas properties evaluated at Ty, Ty, and Tg would be in the ratio
of 1.00:1.08:1.29, respectively.

The finding that a better correlation of hest-transfer data is
often achieved when ges properties are evaluated at surface temperature
was first reported in reference 7 for low-velocity flow and has recently
been verified at higher velocitises in reference 8. The experimenters in
references 7 and 8 were concerned with flow in pipes, where viscosity is
the predomlnant factor, rather than with flow around cylinders, where
potential flow effects are as important as viscous effects. Conse-
quently, the physical explanation of the finding that the use of total
temperature provided a better correlation than the use of static temper-
ature in the case of flow around cylinders 1s not necessarily of the
same nature as the explanation of the heat-transfer phenomena in pipes.
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NUMERICAL COMPUTATION OF TIME CONSTANT,
RADITATION ERRCR, AND CONDUCTION ERRCR

The Nusselt number, once having been determined from experimental
measurements, may then be inserted into the basic theoretical formulas
for time constant, conduction error, and radiation error. Since, as
shown in appendix C, air viscosity and thermal conductivity may be ex-
pressed as functions of absolute temperature, it follows that Reynolds
number, Nusselt mumber, radiation error, time constant, and conduction
error, may also be expressed in terms of static pressure, total pres-
sure, and total temperature, all of which are experimentally measurable
quantities. The computation procedure is facilitated by introducing
Mach number, the value of which is readily obtained from tables if the
static and total pressures are known.

The insertion of equation (26a) into equatioms (20b), (21b), and
(22b) leads to the equations

- 0.25
4,05 chwD]"50 (1 + 12—1 MZ)
Ty = seconds (27)
p0+50 3050 TtO.lB
0.25
O. . -
16.2 6 D0 1,5 82(1 22 Mz>
L= 0.50 30.50 R (28)
2050 10-
. 0.246 p0-50 050  0.18
= inches~2 (29)

T =
1.50(; . 7-1 2\0-25
kw D (l + 5 )
where the quantities are in the following units:

p,C,, Btu/(£t> °R)
D (in.)

p  (atm)

T  (°R)

e
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k. Btu/(ft °R sec)
6 0.173x10°° Btu/(hr £t? ORe)

These formulas show that time constant and conduction error are only
slightly affected by the magnitude of the gas temperature; hence the
valldity of these formulas is not strongly dependent on any assumptions
made concerning dependence upon temperature of the gas viscosity and
thermal conductivity. The time constant computed from equation {(27) has
been plotted In figure 15 agalnst the experimentally measured time
constants. As 1s to be expected from the fact that figure 15 is sub-
stantlially an alternative presentation of the data shown in figure 13,
the average deviation of the points shown in figure 15 1s also 6.9
percent. The detailed derivations of numericel formules such as equa-
tions (27), (28), and (29) are presented in appendix C and lead to the
construction of graphs and nomograms (figs. 16 to 19) that materially
facilitate the computations of time constant, radiation error, and con-~
duction error for wire diameters between 0.001 and 0.l inch. The exact
computation procedure follows:

Given:
(1) Wire-material constants: €47 Pys Cys Xk or K
(2) ©Probe conmstants: D, L, L', Ty, Ty
(3) Constant of surroundings: Tg .
(4) Ges end aerodynemic constents: M, p, d‘g,d’ €
Procedurse:
(1) 7Find B; from figure 16(a).
(2) Compute B = El ew/‘(lAﬁleweg/Tw) =B€,

(3) Compute radiation error = E[(l—cr,g d)(Td/Tw)4_(l- eg)] using
the nomograph of figure 16(b). .

(4) Find Tpt

(5) Compute T, =Tpy (e a Cw,a t Py,B CW,B)/sztGP't
using data in figure 17.

from figure 17.

(6) Compute 7= T1,/(1+4B1e e /)
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This value is the time constant in the absence of conduc-
tion effects.

(7a) Compute the effective (nL)2 = Lz/ Tk using the harmonically
averaged value of Kk from table II.

(7v) Alternatively, find (Tl]_L)Ptz from figure 18 and compute,
for each thermocouple wire,

I

(L), (py /i)

2
and

(TI'L)W2 (nlls)w2 (1+4B€ €/ Ty)

where (th/kw) is listed in table I. Then find the
effective (nL) for the thermocouple wire pair by use of
the equations

m fmg = (c, 4/5, )% (Da/Dg) "%

Tp,B = EmA/ mB)']]/ BmA/mB)+]]

and of tables II and III.
(8) Find Y, from figure 19.

(9) Compute steady-state conduction error

il

(Tb - TW) \pm
v)

(11) compute corrected gas temperature Tg = Ty - (steady-state
radiation error) - (steady-state conduction error).

(10) Compute corrected time constant = (1

SUMMARY CF RESULTS

The time constants of bare-wire thermocouples mounted in cross flow
4o an air stream were shown to depend principally on thermocouple wire
material, wire diameter, gas pressure, and Mach mmber, and only
slightly on gas temperature. These measursments also served to provide
a correlation among Mach mumber M, Nusselt number Nu, and Reynolds
nunber Re¥* for the ranges 0.1< M< 0.9 and 250 < Re* < 30,000,

ylelding
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Fu = (O.385i0.016)(Re*)(0.515i0.005)

with a 6.9 percent averége deviation of a single observation, or
Fu = (0.431£0.002) {Re*

with a 7.4 percent average deviation of a single observation. The value
Re¥ 1is a Reynolds number computed by evaluating gas viscosity and dens-
ity at total temperature., The value of Nu was computsd from the
experimental measurement of time constant and the evaluation of gas
thermal conductivity at total temperature. Prandtl number was consid-
ered constant for these tests and is therefore incorporated in the con-
stants, The Prandtl nmmmber Pr may be inserted explicitly in the pre-
ceding equations by writing them

0.515%0. 0.
Fu = (O.427i0.018)(Re*)( ° 005) P02

Nu = (0.47840.002) \Re* Pro->

It is shown that the evaluation of Nusselt mumber provides a means
for determining approximate steady-state radiation and conduction errors
of a bare-wire thermocouple in a high-temperature ges stream. Graphs
and nomogrems are presented for the computation of time constant,
approximate radiation error, and approximate conduction error for wire
diaemeters between 0.00l and 0.1l inch for commonly used pairs of thermo-
couple materials.

Analytic determinations are presented of the effects of dissimilar-
ities in wire materilal or wire diameter on steady-state temperature dis-
tribution in a thermocouple, and the effect on the time constant of con-
duction along the thermocouple wire to the support.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, August 3, 1951
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APPENDIX A

SYMBOLS

The following symbols are used in this report:

A,B
Nu

Re

surface area

specific heat

wire diameter

heat-transfer coefficient
thermal conductivity

length of wire between supports

length of central wire when intermediate supporting wires are
used

free-stream Mach mumber

k D2 |

[y )21/ [y )]

Nusselt number

Prandtl number

static pressure

rate of heat transfer by convection, per unit length

rate of heat transfer by electric power dissipation, per unit
length

rate of heat transfer by conduction, per unit length
rate of heat storage, per unit length
rate of heat transfer by radistion, per unit length

Reynolds number with gas properties computed at static tempera- -
ture
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Re¥* Reynolds mumber with gas properties computed at total temperature

r specific gas constent for air, 1716 £t2/(sec?)(°R)
T temperature

T amplitude of sinusoldal gas-temperature fluctuation
Td equivalent duct temperature

Tf . final wire temperature in absence of conduction’

t time

U linear free-stream velocity

u Intermediate temperature wvariable

v volume

v intermediate temperature variable

Ui electrical power per umit length

W intermediate temperature variable

X dlstance along wire

Y,y,z intermediate temperature varisbles

@ 3 effective absorptivity of gas for blaeck-body radiation at tem-
8, perature Ty )
B By (1448 €,/T,)
'E .El €W/ ( l+4:—B'l€'W€ E,/ TW) -“ -

4
By o DI, /Nu k,
4
By o DI_~/Nu k,
v4 ratio of specific heats

ratio of specific heats of air at NACA standard sea-level condi-
tions, 1.40

effective emissivity of gas
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& emigsivity of wire
- 1/2
1 1 (1+4Bleweg/Tw)
1/2
1, (4 Nu kg/DP k) /
6 intermediate time wvariable

K thermal diffusivity of wire
gas viscosity

intermediate distance variable

p density
g Stefan-Boltzmann constant
T time constant, Ty/(1+4By€ € /T,)

T D? p, c_/t Tu kg
Tpt value of Tl for platimm wire
To value of TPt at NACA standard sea-level conditions

transient temperature function

¥ spatiel temperature distribution function

angular frequency

Subscripts:

A refers to wire material A

av arithmetic average

B refere to wire material B

b velue at wire support

g refers to gas

i value et x = (L-L')/2 and at x = (I+L')/2

m value at x = L/Z
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P
Pt
Q

ﬁ.

refers to wire diameter DP

value for platinum

refers to wire dlameter DQ

refers to static conditions

refers to total conditions

refers to wire

refers‘to NACA standard sea-level conditions
initial value

final value
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APPENDIX B

MATHEMATTCAI, SOLUTIONS OF BEAT-TRANSFER

EQUATION FCR SOME BASIC DESIGHNS

I. General Equation

Subject to the approximations and assumptions listed under THEORY,
the general equation (10) is derived from a consideration of the balance
between the rate of heat transfer to an element of length of the wire
and the rate of storage of heat in the element. The general equation is
ropeated here for convenience:

1 d%r
T?=?Bx2w+Tf—TW (81)
T

For conslderation of the transient response, it will be couvenient to
trensform equation (Bl) into

2 .
T%y=;1§a—z-y (B2) ~

by a shift of the origin of ordinates,
YET, - Tp (B3)

so that y represents the difference between instantaneous wire tem-
perature and the temperature which the wire would ultimately assume in
the absence of conduction.

In general, Tw and y are functions of x and of t. The
values of these two temperatures at the midpoint of the wire, at which
the thermocouple junction is located, will be denoted by Tw o and ¥y,
respectively. The characteristic parameters T and 1, plﬁs the ini-
tial and boundary conditions, then serve to define fully the values of
T (x,t), v(x,t), Tw,m(t)’ and 7y (t). The conduction parameter 1
governs the steady-state temperature distribution; the time constant T
exercises the principal influence on the transient behavior, although s
the transient behavlior is also Influenced by 1.
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II. Steady-State Temperature Distribution in
Single Wire Stretched between Supports

If both thermocouple materials have essentially the same diameter
and thermal conductivity, the physicel situation shown in figure 2(a)
mey be treated as though a single wire, possessing characteristic param-
eters T and 71, were stretched between supports at constant tempera-
ture Tb. In the presence of a constant gas temperature T_, the
steady state of temperature distribution in the wire 1s then represented
by setting BTW/Bt equal to zero in equation (Bl), so that the equation
becomes

2

——

+ T =T, =0 " (B4a)

_subject to the boundary conditions

T, =T, _.at x=0 (B4Db)
TW=Tb at =1 (340)
The solution of this equation is
Ty = Tp + (T, - Te)¥ (B5)
where
_ sinh nx + sinh (9L - 3x)
Vo= sinh ML (86)

In particular, the value of V¥ &t the midpoint of the wire
x = L/2 will be denoted by Y, so that

'Iw,m = Tp + (T.b - Te) ¥ (B7)
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where

Y, = sech (qL/2) (B8)

Figure 4 shows graphs of Y against x/L for various values of
the dimensionless parameter 1nL. It is to be noted that only in the
decads 1< IL,<10 is \llm markedly different from the values 0 or 1.

IIT. Steady-State Temperature Distribution along Thermocouplse
Wire Pair Stretched between Supports

In the general case where a thermocouple composed of wires having
different diameters or thermal conductivities is stretched between sup-
ports et constant temperature T, subscripts A and B will be
assigned to represent the two wire materials. The situation is illus-,
trated by figure 2(b). To treat this problem, as well as the one in
the following section, it 1s convenlent to utilize the following:

Lemma: The solution of the equation (B4a) for steady-state temper-

ature distribution along a single wire subJect to the boundary condi- S
tions

=T, &t x = xg (B9a)

TW=TB at X =Xg (B9Db)

T, - T inh - - nh -
T, = T + (Tg, s) 5 (nx TIEQ) + (TB Te) si (Tlxu, nx) (B10)

inh -
8 (ﬂxd an)

For the problem of two thermocouple wires, A and B, the differ-
ential equations and their associated boundary conditlions are:

For wire A

0ol
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-g—gx?*“rTf,A‘Tw,A=°
Na
TV,A=Tb at x=0 > (B11)
T =Tw at x=—L-
'W,A P18 2 J
For wire B
L
= <
zix_L
L o N
—_——= g T T =
nt P £,B w,B
L
Ty, = Tum 86 X=3 > (B12)
TW,B=Tb et x =1L J

It will be noted that contimuity of T, at x = I./z has already been
postulated by the preceding expressions, and that the unknown has
been used as one of the boundary values. In order to determine
the additional postulate is made that the net rate of flow of heat
across the thermocouple junction shall be zero. Since the rate of flow
of heat along wire A iInto the jJunction is

m
w,m’

2
ﬂ:])A dTWé
4 dx

Ky A
end the rate of flow of heat along wire B from the Junction is

2
% Dy dTw,B
4 dx

Ky, B

1t is necessary that
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am amT
2 w,A 2 w,B _ L
k Ep Dy "o °F T (B13)

W,A Dy ax

Equations (Bll), (Bl2), and (B13) constitute the complete statement
of the problem.

By use of the lemma previously stated, appropriate values for Ta,
and Ta are inserted into equation (BLO) to obtain solutions of equa-
tions ?Bll) and (Bl2). Inserting the value x =1L/2 Iinto these solu-
tions and then applying the condition statéed by equation (B13) give the

solution for Tw,m as

"]AL TIBT-’ "]AL T]BL
Tw,m[mA coth (T)"’IDB coth <—-2—- =Tw,A o, coth ey "'Tf,B g coth 5 +
S ngl
(Tb - Tf,A) m, csch(—-2—>+ (T, - Tf,B) mg csch <—2— (B14)

vhere

2
(B15)

mp =Ky g DBZ g

Expression (B14) may be simplified if the steady-state radiation
errors for the two wire materials are assumed to be sufficiently similar
that Tf’ A and Tf g may each be replaced by a common value Tf (for

E
example, TfJ av = (Tf’ At Tf,B) /2). Under this assumption, equation

(B14) becomes

Tw’m =Tp oy + ('T_b - Te av)""m (B186)

where : L . Le
M "TIB "IA "'IBL
nAL*'nBL> AI'-nBL 1—mA,B tanh (—-—-——4 ) coth (—————-—4

+ = gsechl— } cosh

Vim b< 4 C 4 Nal-npl nal+npl
l—mA B sinh {——— )} ¢sch \——

) 2 2

(B17)

el
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and m
2.1
m, , =—2— (BL7Db)
=241
my

Thus an equilvalent value \l:’m may be defined to replace the quan-
tity ¥p in equation (B7). Alternatively, an equivalent quantity 1u'L
mey be defined to replece the quentity nI. in equation (B8), where 17°
will lie between m, and ng. A tabulation of 7'L as a function of
the dimensionless quanti'bies NpL, nBI., and oy g is given in
table III. ’

The experiments described in this report show that, for the range
of Reynolds and Mach number covered in these experiments, the Nusselt
number varles directly as the square root of wire diemeter at any given
get of gas-flow conditions. Hence, if radiation 1s neglected so that
71 may be replaced by 7n; in equation (11£), the application of equa-
tions {1lc) and (BL5) leads to :

SR -

Velues of (kw, A/kw, B)O°5 are given In table II for standard thermo-
couple wire palrs to facllitate computation of my ge
2

It is evident that if both wires have substantlally the same diam-
eter and 'thermal conductivity, both (nA - np) and myp 8re close to

zero, and V'm glven by equation (Bl7a) is substantially the same as
Y, glven by equation (B8).

Typicel temperature distribution patterns along the wire for vari-
ous velues of o4, By in the case where n,L =4 and ngh = 10, are

shown in figure 20. It 1s evident that, depending on the value of LYY
the thermocouple junction temperature will lle somewhere between the
values of T, for each of the two wlres as glven by figure 4 or

equations (373 and (B8).
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IV. Steady-sState Temperature Distribution along Wire Stretched
between Intermediate Wire Supports of Different Diameter

If, as shown in figure 2(c), the wires constituting the thermo-
couple Junction are supported by lntermediate wires of different diam-
eter, the Intermedlate wires also exposed to the gas stream but with
thelr bases at fixed support temperature T,, +the values of 1 will be
different for the intermediate wires even though they are of the same
materlial as the adjacent wires forming the junction.

For simplicity, it will be assumed that both intermediate wires
have the same diameter, both wires forming the junction have the same
diameter, and both material A and material B have the same thermal
conductivity. (The results of the previous section can serve to correct
for deviations from these assumptions.) Under these assumptions, the
intermediate wires, each of length (I - L')/2, may be assigned sn 1
value of Tp and the two wires forming the Junction may be treated as a
single wire of length L' with an 7 wvalue of 1., the subscripts P
and @ mnow serving to distinguish between the two ‘diameters. By virtue
of symmetry, the temperature T . of the midpoint of wire Q 1is
closer to the effective gas tempdrature Te than is the temperature
of any other point of the assembly. Similai"ly, for reasons of symmetry,
the temperature of each Junction between the central wire and the inter-
mediate wlires may be represented by the common symbol TW,i'

A line of reasoning similar to that of section ITI regarding the
rate of heat flow across the junction between central and intermediate
wires leads to the following mathematical statement of the problem:

1 afm,p

2 =+ Ty o =Ty p =0

p dx? ’ ’

I-I.!
Typ=Tp 8t X=0 0<x< - (B19)

L-L?

TW,P_TW:i at X_T

2

g dx2 ’ ’
_L-L! L L!

Ty,q = Tw,1 8% X ="3— S-< xS (B20)

s
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amT am )
kw DPZ .__w..'_P_ =k " Qz M9 ot x = L-L° (B21)
dx 2

The presence of symmetry makes it unnecessary to state or to use the
relations for x > (I+L')/2. They would be similar to equations (BL9)
and (B21).

Use of the lemma stated in section III, insertion of the boundary
conditions from equations (Bl9) and (B20) into equation (BIO), and use

of equation (B2l) to eliminate the intermediate quantity T,y vyileld
the following solution for Ty n: ’

(Ty,m - Tp Q)(EL + %— tanh <qu ) tanh (uﬂ =

2
sech <T1_§_L_> [}Tb - Tf’P) sech <£;_EQL_) +Tp p - Tf’?“J (B22)

mp =k p Dp° Mp

where

(B23)

2
T = Kv,q Pq Mg

Equation (B22) may be simplified if it is assumed that the effects
of the steady-state radiation errors are sufficiently alike that Tf P
and T¢ ,Q on the right side of the equation may each be replaced by a
common value T, (for example, '].‘f oy = (Tf p+ Tp Q)/Z) Under this

assumption, equation (B22) becomses

n

Tw,m = vt (Tb f av )V m (B24)

where

(’gﬁ) seon PR 2)]
1+ ) tanh (EQE) ‘banh[.TLP._(E—_L_‘_).]
m, 2 2

Vo = (B25)




36 WACA TN 2599

Thus equlvalent values \b" and "L may be so defined as to
replace the quantities Y and 7L in equations (B7) and {B8). A
tabulation of 1"L as a function of the dimensionless quantities
1p(L-L7), nglt, and (mQ/mP) is given in table IV. Because both
meterials have been assumed of the same thermal conductivity, equation
(B18) and the discussion in section IIT pertaining to this equation show
that mQ/hP 1s given very simply by

DA\Ll.25
i (—9) (B26)
mp ~ \Dp
By similar reasoning, it can also be shown that
0.75
) = (%2) (B27)
' \'q

Temperature distribution patterns for a few cases of practical
interest are shown in figure 21.

V. Transient and Steady-State Response of Single Wirs to Step Change
in Gas Temperature, Wire Initially at Support Temperature
This case, because of its relative mathematical simplicity, pro-
vides a convenient Introduction to the subject of transient respomnse of

the wire. The general equation (B2) and its corresponding boundary and
initlal conditions for this case are

2
gz 1 3% -
T = = -y T=T - T
t 112 3 2 W £ ~\

> (B28)
¥y = Tb - Tf at x =1L
y=Ty,-Tp at t=0 )

Assume a solution of the form

y=u+v " (B29a)
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where wu = ufx), with

- A

'qzclx2
u=T -T, at x=0 > (B29b)
u-—'.Eb-Tf at x =1, J

and v = v(z,t), with

(B29c)

v=T -T.-u(x) at t=0 )

The solution of equation (B29b) has already been derived in sec-
tion II. This solution provides the steady-state solution for y,
which 1s rewritten here as

u = (T, - Tp)¥ {B30)

vhere V is defined by equation (BG);

The solution of equation (B29c¢c) will provide the transient response.

Solution of the equation is facilitated by the substitution
v = w(x,t) = v.e—t/‘r (B31)

which converts equation (B29¢c) -into
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112-r@=-a&2 h
ot ox
w=0 at x=0
? (B32)
w=0 aa x=1

w:Ib-Tf—u(x)=(Tb-Tf)(l-\y) at t=OJ

The solution of equation (B32) is (reference 9, paragraph 34)

© nztrz t

L A
= 2 T,)(1-V) sin( 2XE pin [DEE) o WLTT
o e [ () o)

Carrying through the integration and then returning to the varieble v
yield the solution of equation (B29c) as

v = (T, - Te) @ (B34a)
vhere o 2 2
/ _n xzt
- t/r
-2 1-cos(nx) 1 nIx 'flzL T
o ~e = =2 S 8 T)° (B34b)
n=1 Len’n® fn2L

The term [l - cos (mﬂ makes the series alternating, with only odd
values of n present.

Addition of the expressions for u and v +to obtain y (equation
(B292)) and replacement of y by (T, - Tg) yield the general solution

T, =T+ (T - Te)V + ('.llb - Tp) 0 (B35)
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where Y and ® are given by equations (B6) and (B34b), respectively.
At the midpoint of the wire, x = I1/2 and equation (B35) becomes

T =T, + (mb -T W+ (be - Tf)¢m (B368)

w,m

where

¥, = sech (qL/2) (B8)
2_a

nxt
’t/’ T S -
= sin e 1] LT (B36b)
14 1[2/1121.2

At t =0, @ isegual to (L-V_ ). For t20, &, maybe
represented very closely (to within 0.03) by the approximation

o = (1-Vg) e—t/[T(l-‘ym)] (B36c)

-e-
:\ltP

so that an adequate approximation for is

T m

~t/lr (1 - ¥
o =T+ (- 5+ (5, - 20 vy TV

W, (B364)

The physical significance of this solution has been discussed
briefly in the section THECRY and illustrated in figure 5. The asymptobe
of the temperature-time curve is Tp - (Tp - Ty)Y,. The initial slope
is (Tp - Ty) /7, which is indspendent of the conduction error factor Y.
The effective time constant is T (1 -V ) Thus, when there is sppreci-
able conduction, the indicated magni'l?ud.e of ultimate temperature change
1s reduced by an amount (Tp - Ty, from its "true" value Ty, but the
time constant 1s altered in the same proportion in such manner as to
maintain the initial rate of change equal to that which would be char-
acteristic of the zero-conduction case.
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VI. Transient and Steady-State Response of Single Wire to Step Change
in Gas Temperature, Wire Initially at Gas Temperature

If the wire is initially at a temperature E?f 1+ (Tp - Tg 1)\,[;]
corresponding to an actual gas temperature Tg 1 related to Tf 1
J

an equation of the form of (1lg), end a step change in gas temperature
occurs to a wvalue of T ,2 yielding a corresponding effective gas tem-
perature Tg 2 and, by gection IT, an ultimate wire temperature

[‘I'f o+ (Tp - Tp 2)\@ then the mathematical expression of the problem

calls for solving equation (B2) subject to the boundary and initial
conditions

T=T, -Tpp & x=0 A

I
=

> (B37)

Yy =T -Tf’z at =x

y=Tpq+ (Ty-Te 0 -Tpp st t=0)
Assuming, as in section V, & solution of the form

Y=u+7v (B38a)

where

o]
Il

X = - T T =O and gt = b
u(x) u=T e p 86 X at x =1L (B38Db)
v = v(x,t) v=0 at x=0 andat - x=1

(B38¢c)

a procedure similar to that of section V yields the solution

Ty = Te,2 + (Tp - Tp )V + (Tp 3 - Te 2)0 (B39)
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which at x = L/2 becomes

Tym = T,z + (Tp ~ Tg 20 + (Te 3 - Tp 2)0p (B40)

whers VY, &, Yy, and & are defined by eguations (B6), (B34b), (B8),
and (B36b), respectively

In accordance with the approximation (B36c), the physical signifi-
cance of the solution is illustrated by figure 3(a). The initial value
of the indicated tempersture-time curve is [Tp 1 + (T, ~ T 1)Vyf; the

asymptote 1is E?f,z + (T - Tf,z)wrgl; the indicated magnitude of ulti-
mate change is (Tp 1 - Tp,2)(1 -WVp); the initial slope is
(Tf,l - 'I"f,z) /T and is independent of the conduction error factor WYp;

the effective time constant is T(1 - \Um). Thus, when there is appreci-

able conduction, the indicated magnitude of ultimate temperature change
'is reduced by a factor (1L - \llm), but the apparent time constant is
reduced in the same proportion, so that the initlial rate of change
remaing the same as in the zero-conduction case.

. VII. Transient and Steady-State Response of Single Wire

to Suddenly Applied Simusoldel Variation in Gas Temperature

If the wire, initially at temperature El.‘f av + (Tp - Tp av)‘_ﬂ

subJected, at time + = 0, to a sinusolidal variation T sin (wt) in
gas temperature superimposed on the steady-state value '1‘ av? the

differential equation with its boundary and initial conditions is

W W —
"a—t_‘ —T]—z'/gx-z—'!‘ Tf,a.v + T sin (Cﬂt) - T'W

Tw = Tb at x =0
(B41)
'1‘W = Tb at x =1L

L To = Teav * (T, - Tf,av)\p st &=
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Introduction of the transformations
T=T,-Tp g - Tsin {wt) (B42)

z=Y et/T Tf av (14.::27 2) etﬁE:os (wt) + 0T 8in (wt}] (B43)

changes equation {(B4l) to

79z _ 1 ¥z )
3 17 32
[ /T - o1t/
T Tf av'r sin(wb:' +T ——— +w2_r2 e TEos(wt)+0)Tsin (wtzl (B44)

at x=0 andat x =1

TwoT
=(T, -7, W+—F5— 8 t=0
LT R )
The solution of equation (B44) is (reference 9, section 34)
21;
L
7 = % ; e M LT sin. \éﬁ [:Tb Tf av)w +T +wz :} in(nﬂg at +
n=1
-ni— L [:-cos(n:r:][ - Tr gy - T sin (W9) +
) L‘r
0
T YT __ (cos W6 + T sin weﬂ a\ - (B45)
1+’ T

For convenience, write
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a = —f—“— 1 - cos (n.n:)] sinﬁ-? (B46)
b, =1+ n? 2?12 (B47)

Then, performance of the integrations in equation (B45) and return to
the varleble T, by use of equations (B42) and (B43) result in

Ty = Te,ay + (Tp-Tp oo N

sav
\[ 2, 2 2p2
= VA + - - -
TLZIBT - sinEJt-tan L(w7)+tan QJJ—B> +TOTC (B4Ba)
Lo 72
where ®
(by-1)
A=1- a %‘%jﬁ (B48D)
n=1L o T
(>}

by - 1
B = 8 ——— (B48c)

o P b Bt

[+ -]
e-bnt/‘r

C = 8, = (B484)

n=1 bn +(02T2

end use has been made of the identities
[=-]
1= &y (B49)
n=1
=]

b_~1

v = & : (B50)
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At the midpoint of the wire, where x = L/2, equation (B48) becomes

Tw,m = Tf,av. + (Tb - Tf,av)\l" mt

1’Am2+<n2-rzBm
oo

sin |wT- tan” ](&)T)+tan C)Am ) +'I'(0TC (B51a)

where
Z“ (
b, (b,-1)
-7 - ndn =
A =1 &y m N (BS1D)
n=1 n
(=]
E n (B51c)
B = B51c
" n=L n’m b 2+sz2
Zm o~Put/T
C_ = (B514d)
m - an,m bn +0.)21'2
¥, = sech (nL/2) (B8)
= 4 nr
&,m- oy SR

Approximations (to about 0.03 in amplitude and to about 3° in angle)
for the functions appearing in equation (BS1) are

Vif vl (v
I i ‘Vl +wPrB(1 -y )2

tan LT - T— (%m) & tan L l:w‘f(l - \szl
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y (1 - ¥)? e_JG/I‘_T(W”“‘E!/ [1 rof? (1 -y m)ﬂ

so that an epproximete solution is

Tw,m = Tf,av'*'(Tb _Tf,av)\l’m"'f 1y sin{Jt-tan-lEn‘r (1.¢mil} +
| N 1400P 2 (1)2
)2 ~6/|7 (1)
ToT o ] (253)
LeeP T2 (1Y )2

Thus, by comparison with equation (3), the effect of conduction is to
make the system act as though it possessed a time constant T(1 -\ym)
rather than T. At the same time, the amplitude of the steady-state
term and the amplitude of the transient term are both attenuated by a
factor (1 - V). These conclusions are similar to those obtained for
the case of a step change in effective gas temperature.
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APPENDIX C

NUMERTCAT, COMPUTATIONS

The time constent and the steady-state radiation and conduction
error mey be expressed, to an accuracy sufficient for all practicel pur-
poses, in terms of the experimentally measured static pressure and total
temperature and of the Mach number, the value of which is readily
obtaineble from the experimentally measured static and total pressures.
The numerical formulas for the intermediate quantities required for the
numerical expression of the approximate values of radiation error, time
constant, and conduction error will be derived in sequence.

Viscosity. - The viscosity p of air is independent of pressure
and can be expressed in terms of the temperature by means of the formu-

las

0.69
Bo= 0.159x10"8 1069 1bm/ [(sec)(ft)] (C1p)

where T is in °R, to within 1 percent in the range 460° <T <2300° R,
if values given by reference 3, quoting a personal communication from
Generesux, are assumed. In equation (Cla), iy is the viscosity of
air at temperature Ty. Equation (Clb) is based on assuming p equal
to 11.9x10-6 pound mass per second per foot at Tg = 519° R. It will
be assumed that formula (Clb) can be extrapolated to the interval
400°< T < 3000° R.

Reynolds number. - The Reynolds number Re can be expressed in
terms of Mach number, pressure, temperature, and wire diameter by use
of formula (Cl) for the viscosity, the universal gas law, and the for-
mula for the velocity of sound

Wog 1 [T -0.69 5
Re = —8B = —*3-) My yrTs D = C2a)
B Ho <To ® 7 rlg (

where r is the specific gas constant for air. Formula (CZa) may be
written

Re = 1.0110° DMpT,"1+19 v/, (c2b)
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where D is in inches, p is in atmospheres, and T is in ®R. The
Reynolds number so defined involves the evaluation of the gas properties
at static pressure and static temperature. If, in order to improve the
correlation between heat transfer and aerodynemic conditions, a differ-
ent Reynolds number Re* 18 deflned that involves evaluation of the gas
density and viscosity at total rather than at static temperature, the
conversion formulsa

- r-1
Tt-—Ts <l+—2—'M2> (CS)
may be applied to equation (C2) to yleld
1 /108 o (169
Re* = — <—°> M y¥rT, D -2~ = Re <—§> (C4a)
Ho \Tg rTy Ty

This formula may be written

-1/2
Re* = 1.01X10° D M p Tt‘l'lg [—T?Q <1 + 1;,—1 M2>:l (c4b)
if D, p, and T are in inches, standard atmospheres, and OR,
respectively, and 7, (= 1.40) is the value of 7y at NACA standard
sea~level conditions.

Thermal conductivity. - Because adequate experimental date on the
thermal conductivity of air at high temperatures are unavailable, the
thermal conductivity kg will be computed on the assumptions that the
Prandtl number is constant and equal to 0.71, the viscosity is given by
equation (Cl), the specific heat of air is given by the values tebulated
in reference 10 for the temperature range 460°<T<4000° R, and the
specific heat - temperature relation can be extrapolated to 400° R.
Since little informstion is available regarding the variation of Prandtl
number of air with temperature, and some of the information is contra-
dictory, it has been recommended by Dr. E. R. G. Eckert of the lLewis
laboratory that an assumption of constant Prandtl number be made. The
value suggested by Dr. Eckert is the latest value at room temperature,
as given by reference 11. The formulas

0.78

kg = K, o (T/T)) (c5a)

kg = 5.05x10"° 1078 Bu/[£5) (sec) (°r} (csb)
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vhere T is in ©R, then fit the computed values within 2 percent in the
range 400°<T<3000° R. In formula (C5a), kg,0 1is the thermal con-
ductivity of air at temperature Tn. In formula (C5b), the value of
kg,0 1is taken as 4.0x107° Btu/[(ft)(sec)(°R)] at T, = 519° R.

Nusselt number. - Insertion of formulas (C4a) and (C4b) into equa-
tion (26a) leads to

p £0-69 1/2
Nu = 0.431 | = (—f(l) DMp X (cea)
o \%g rT (i + X:E-Nfa
% Z
1/4
1/2 -0.60
No = 1.37x10% (D M p) / T, [%Q<1 + I; MZH (c6b)

where, in equation (C6b), the units of D, p, and T, are inches,
atmospheres, and °R, respectively.

The computations of the quantities By, T, and 107 require
knowledge of the thermal conductivity of air. The uncerteinty in lknowl-
edge of this quantity is sufficiently large that no appreciable increase
in total error results by use of y = 1.34, as an average value over
the temperature range 500°< Ty < 3000° R, for computation of By, Ti,
and 7. Formula (C6b) then becomes
/2 -0.60 -1/4

T

; (cec)

1
Tu = 1.36x10% (D M p) (1 + 0.2M%)

Steady-state radiation error. - Computation of the steady-state
radiation error is conveniently accomplished by first evaluating the
quantity Ei. Insertion of equation (05) (evaluated at total tempera-
ture) and equation (C6) into equation (13d) and replacement of the

quantity TtO.lB by the almost numerically equal quantity TWO.lB yileld
-1 _o\1/4 1/2 3.82
5 2320 ugt/ 2t 4 0435 1+ T a2 D (c7a)
= —_— a
1 kg,0 T (Mp> Tw

— -10_ 3.82 1/4

0.97x10™ %%, % (1 + 0.2M3) (°R) (c7b)

™
i
]
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where, in equation (C7b), the units, D, p, and T, are inches,
atmospheres, and OR, respectively. The nomograph of figure 16(a) yields
B when M, D, p, and T, are given.

The radiation error may then be computed as

Rediation error = B |:(1 - a’g,d)@)é - @ -eg)] (13b)

where

= lalew
= —
L+ 4By €, /Tw

In the absence of conduction, the actual gas temperature T, dis then
obtained by subtracting the radiation error from the indicated wire
temperature T.

w
Ty/T. = 1.2. As en aid to computation, a nomograph for (Ty/T)* is

presented in figure 16(Db).

The quantity —ﬁle represents approximately the error 'present when

Time constant. - The computetion of T,, the time constant in the

absence of radiation or conduction, is accomplished by inserting equa-
tions (C5) and (C6) into equation (1la), yielding

1/2 1/4 0.435 3/2
0.58p, /2.3 T, ByCyD / 1\
Ty = 1+ =P (c8a)
X 1/2_0.18 1/4 2
oe D3/2
1/4
T{ = 4.20 LA €1 + 0.2M2) / sec (csb)
1/2_0.18
Mp)'m,

‘where, in equation (C8b), the units are
oc Bta/ [(£t°)(°R))

W W
D inches
hs) atmospheres

Ty OR
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A nomograph for the calculation of Tj; appears in figure 17. The
first turning line has been graduated to give directly the value Top,
+he time constant of a platinum wire at NACA standard sea-level condi-
tions. The final result of the nomograph is Tpy, the time constant
of a platinum wire at the given aerodynamic conditions. The time con-
stant Ty for wire of any other material is obtained by multiplying

. T
Tpy bY (pwcw) / (thcPt) The time constant in the presence of

radiation is
T = Ty/(1 + 4By €, /T) = T1/(1 + 4'Eleweg/Tw) (co)

A tebulation of (pwc w/thcPt) for various thermocouple materials
is given in table I. A tebulation of the arithmetically averaged values
for commonly used thermocouple pairs is given in table II and is
repeated for convenience in figure 17. The values appearing in table I
were obtained from references 12 and 13 and are believed to represent
the best values available. The data in figure 17 are thus sufficient
for estimating T; <for any group of aerodynamic conditions that may
normally be encountered in aircraft engine operation.

Steady-state conduction error. - Computation of the steady-state
conduction error is conveniently accemplished by first evaluating the
conduction parameter nL. If the time constant T has already been
determined, nL may be computed most simply by use of equation (11i) as

2

L
(nL)? = T . (c10)

The diffusivities of various materials are listed in table I.

If the time constent is not known, 7L may be computed by insert-
ing equations (C5) and (C6) into equation (1lc), yielding

- 1R, G P)l/tho.ls [ § ]1/4 2
W) =—"775 12 0.435 3/2
e e B
a

1/2;, 0.18,1 /)2
s / DR (c11b)

x, (1 + 0.242)1/%

('qlL)z = 1.65X10
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—

where in equation (Cllb) the units are

k, Btu/ Bsec) (£t) (°Rﬂ

D,L inches
P atmospheres
m. °R

A nomograph to facilitate calculation of ('r]lL)2 is presented in fig-
ure 18. The final result of the nomograph is (nlL)Ptz, the value of
(nlL)z for a platinum wire at the given aerodynemic conditions. The
value of (nlL)2 for a wire of different material is obtained by
multiplying (nlL)Pt2 by (th/kw). Values of (th/kw) are presented
in teble I. A tebulation of the harmonically averaged values of kpy/ky
for commonly used thermocouple pairs is given in table IT and is
repeated for convenience in figure 18. The value of (nL)2 is then

()% = (MI)® (1 + 4prey/) = (ML) (1 + dBpe e /T)  (C12)

Finally, the conduction correction factor is

V_ = sech (nL/2) (B8)

and is given graphically in figure 19.

Corrections for differences between thermocouple wires. - If the
two thermocouple materials differ appreciably in thermal conductivity,
the computation of {mL) by formula (C1ll) should be carried out for

each half of a wire, end then the effective (q;L) for the pair of wires

determined as indiceted in pert III of appendix B. If the two thermo-
couple materials are sufficiently alike, the effective thermal conduc-
tivity is the harmonic mean of the values for the individual materials.

If the two thermocouple materials differ in the values of €, and
of p,c,, the effective values of these quantities are the arithmetic

means of the respective values for the individual materials.

Time constant in presence of radiation and conduction. - The time
constant in the presence of radiation and conduction is
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1-¥,

11+ 4Eiew€g/Tw) (c12)

T(l_qu) =T

Gas temperature in presence of radiation and conduction errors. -
The gas temperature when the thermocouple is subject to both radiation
and conduction errors is

_ 4
T =T -B [(Lag,d) (%) - (1-eg)] - (T-T) ¥ /(1-¥)

3 . (c13)
=T -B [(Lag’d) (—T*;) - (2- eg)] - (T -T) v

where Ty 1is the support temperature.
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TABLE I - PROPERTIES OF THERMOCOUPLE ELEMENTS AND ALLOYS
Material | Density | Specific Thermal Diffusiv-| pyc. |kpg

Py heat, cy conduc- ity, K PPLC T
Pt | Ew
(1tm/£t3) |/ Btu tivity, ky :Ln.2>
(a) (Tom){°R) ) | Btu sec
(=) £t) (sec) (°R
(a)
Platimm 1334 0.0324 0.0114, 0.0381 1 1
Rhodium 774 .058 .0125 .040 1.05 | .92
Platimm | 1261 .0357 b o048, .0155 | 1.05 |2.38
plus
13 per-
cent
rhodium
Alumel 537 124 ¢ .o048 -010, 1.55 2.3
Chromel 545 .1086 ¢ 0031 .0077 1.34 (3.7
Constantan 553 .099 .0038 -010y 1.27 (2.9
Iron 491 .107 .0096 .026g 1.22 [1.19
Copper 555 .093 .061g 172 1.20 | .19
Alumimm 169 .220 .032g .126 0.87 | .35

%Evaluated for range 530° to 660° R except where noted.
PEvaluated at 530° R.

CEvaluated at 660° R.
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TABLE IT - PROPERTIES OF THERMOCOUFLE PAIRS “‘n‘n”’

[Subscript A denotes positive material. This material is listed
first in the pairs|

0.5 -1
Material (pyewat(pyey)p fpt ( 1, lB> <kw,A> 2<_l_+l_>
2(ppyCpy) 2\, 4 5,8\, s "8
Platinum plus 1.02 1.69 1.54 0.0220
13 percent
rhodium -
platinum
Chromel-alumel 1.45 3.0 .81 .0088
Chromel-constantan 1.31 3.3 .90 .0087
Iron-constantan 1.25 2.1 1.59 .0146
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TABLE III - VALUES OF 10'L v'
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TABLE IV - VALUES OF 1"L
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Figure 1. - Camparison of Mach and Reynolds number rangee of present and previous work.
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Alr Flow
Support Junction
temperature — X / temperature
T
FHTREEEEEE T NN
Material A Material B
. L
2
e——— L

(a) Wires with same D and 1.

Alr flow

|

l‘—"'x Junction

Material A4, L Material B

(b) Wires with different D and 1.

Alr flow “~NAGA

X

Junction

Material A L' Material B

- L |

(¢) Wires supported between intermediate
diameter struts.

Figure 2. - Basls thermocouple designs (developed views).




““““““““““““ —T — — — Initisl gas temperature, T_ -
t - - - T
{E ['(.1-::[13,‘1)('rdL/Tw)‘jr - (1-eg)]} ) = Tnitlal rediation error
T T T T T T T —— T
Thermocouple Step
reaponse in change ‘I’m(Tle - T‘b) = Initial conduction error
abgence of

oondnction—_ \

Floal gee tempersture, Tg,g

Thermooouple
reaponge—
=~ S l T.I "

e - — — LI Y ey o— —

- YulTe 2 - T) = Fifel conduotion error
(1= Y} _
——

¥Final thermcoouple temperature

_______________ Duot wall temperatura, Ty

Temperature, T

—_———_————— —L — — — Initial thermooouple temperature / \

[
\\f (A-ag g) (Ta/T - (l-ES)]}z = Pinal radiation error

e et s —— ——— — — — — Support temperature, Ty

Location of
Junction

Tigare 3. - Variation of temperature with time and distance along simple wire where both materisls are of same diemeter

anl thermal oonductivity.
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i

|

|

|

[

I
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1
Distance, x L
(b) Temparature change with dis-
tance along wire.
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Figure 4. - Temperature distribution along sinple wire in ateady stats.
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T Final gas temperature, T

8,2
B[(1-0g,4) (Ta/Tw)* - (1-¢g)] = Finel redietion error

_; ______ n ngi?h) = Final conduction error

ﬂ\~Final thermocouple temperature
Thermocouple response

Support temperature, Ty

Tempersture, T

Duct wall temperature, Ty

Time, t I

Flgure 5. - Response to step change from support temperature.

Thermocouple
initially at support temperature.
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Temperature, T

Initial temperature
R T———-'—d.ue to heating

{:E[(l"ﬂg,d) (Ta/Tp)? - (l—e:g)]1 = Initial rediation error

TR S
W/ (G Wu k)

‘L‘m(Tf,l - Tp) = Initial conduction error

—_—_— e — — -L——- Tnitial thermocouple temperature, Ty
ermocouple
response
2 T Gas temperature, T8
EE[(l—ag,d) (Ta/T) " - (l-«f.g):D2 = Final radiation error
i | T
IS NS Ty W
_ -~ e _'m £,2 - “b/ = Final conduction error
T \—Final thermocouple temperature
-_—— Support temperature, Ty
l—

— — — — — —— — — — —— — — — — — — — t—

Duct wall temperature, Ty

Time, t

Figure 6. - Response to step change with wire initially heated to temperature

e ——— e T A ———— p————

greater than ges temperature.
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Mercury manometer
(total pressure)

~—Mercury menometer
(velocity pressure)

Plenum Working region
chamber
Adr _ \ = - _ Receiz‘er _
flow T CTest section]
\-Thermocouple Y

£
B 200 — {110V a.c.

Variable
Total- transformer

temperature | Double pole,
indicator double throw “———Recording
snap-action switch oscillograph

Figure 7. - Setup and instrumentation for determination of time
response of thermocouples.
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Configuration I Configuration IT
-
0.25 0.25

Junctlon
Probe|Thermocouple materilal a b c al Configuration
A |Chromel -constantan 0.02 0.15 |0.05 | 0.0085 I
B |~-===-- -do,-~===om=mw .04 .30 | .10 0176 I
C |~====-- ~do,~memmmmmm .10 .50 .25 .0554 IT
D |Iron-constantan .04 .30 .10 .0160 I
E |Chromel-alumel .04 .30 .10 .0155 I
F [Platinum plus 13- .04 .30 .10 .01.74 I
percent rhodium -
platinum
L G |Chromel-constantan - ————t - .0176 |Straight wire

1pimension & 1is the average of eight measurements.

Figure 8. - Thermocouples used for test purposes. Ailr flow perpendic-
ular to plane of thermocouple loops. (All dimensions are in inches.)
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Each of these increments
18 divided into ten equal
spaces that are equal

0.1 to 0.01 sec
'4 sec r—

Time
reading
e—»

Start of record for reading

}0.632 (To-Tp)

~
e
1
«
&
Switched
to recorder
v —W , Cooling record
[T
Heater
current
turned
off

(a) Sample record.

2.0 5%art of record

1.0
8 AN
: N 0.368x deflection at start
-——F————= of record
6 Nl
M 1
LN
]
[
4

l \
T
.2

[ \\

I \
|
|
i
(¢} .02 .04 .06 .08 .10 .12 .14 .16 .18

Time from start of record, sec

(b) Cooling curve plotted to show first-order
relation.

Deflection of recorder, in,

.1

Figure 9. - Time-constant determination.
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WOr——g—T7 711
gl Nominal
| free-stream
6|~ Mach mumber
B 2 0-%- Wire  Probe
4 . S diam., D
> .2 o\\k (in.)
A )
i o .5 Q& 0.055¢ ¢
V -6 \<LA
2o 7 N
< .8 UBNY
7.9 \SWC%\
1.0 WZ'&\ N 7 d
¢8 k
.6 D
4 .0176 B B
- .0176 G (tailed
“ symbols
8 T~ \AB\:L )
.2 > W%“ y
X
N 3
S e
a0 e
.08 e L0085 A
Ny
.06 oAl
ot 141
2 4 6 8 10° 2 4 6 8 10% 2 4

Reynolds number, Re

(a) Chromel-constantan thermocouple.

Figure 10. - Time constants of thermocouples with Reynolds mumber based
Lines drawn through date points for M<O0.5.

on static temperature.
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Time constant, sec

Nominal
free-stream
Mach number
o 0.1
1.0 < .2
.8 > -3
A -4
Q .6 o a .5
a ™ v .6
- b Lo .7
g o4 S N .8
"é N 74 .9 Wire Probe
L diam., D
s \Q\\O&*w (in.)
.2 ™<&—70.0160 D
5« g
LoR ]
174
.1
(b) Iron-constantan thermocouple.
1.0
.8
Pox
.6 <o
4 SSo
‘Q(:,OT
L
-2 0155 E
\Dv R
74
.1
(c) Chromel-alumel thermocouple.
1.0
o 6
(]
m
- N
-Ié 4
2 o,
; P\A\D“v
2 O
g ¥
Ed >\ e
.0174 F
Bulii
.1 I
4 6 8 10° 2 4 6 8 10% 2

Reynolds Number, Re

(&) Platimm plus 13-percent
rhodium - platinum thermocouple.

Flgure 10. - Concluded. Time constants of thermocouples
with Reynolds mmiber based on static temperature.
Iines drawn through data points for M«O0.5.

NACA TN 2599



WACA TN 2599

'4 T L T T L
Free-stream density
(bm/cu £5)
J O 0.04] Probes A, B,
<a A .07} and C
\ 0o .10
.2 v .04
. \p\\o\ b4 .10} Probe G
a
- \
.5 \él \() N
g .10 \ P A N &g
o Y
I A
.08 12 L—
g — o ; i
i A
(a) Probe A; chromel-constantan; diameter,
0.0085 inch.
1.0
.8
. T~
[,
;4 A B~
i NN
. 4 =
g \a 3
g NP YP
B2 v
38%¢
G
.10 1 1 1 I
(b) Probes B and G; chromel-constantanj
. diameter, 0.0176 inch.
. ch
- ‘n\
Q
g \3\\
E 2 \ N \n\a
E RN )
L N 4
3] 8 A A
.10 O
'o.eoa .10 2 4 .6 .8 1.0

Free-gtream Mach number, M

(c) Probe C; chromel-constantan; dismeter,
0.0554 inch.

Figure 11. - Time constants of seven thermocouples.
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Time constant, sec

Time constant, sec

Time constant, sec

1.0
-8 Free-streanm density
{1bm/cu £t) ]
-6 ‘0\ o 0.04 ]
\\ a .10 T
4 \\\Q
P \Q\\
\3\‘ ® 3 315
, RN
3 O
0 P
g
.1
(d) Probe D; iron-constantan; diameter,
0.0160 inch.
1.0
.6 \\Q\
\g~
. < \
)\‘c
D
\13\ °l o
<
.2 ; <
\3
X
o=
.1
(e) Probe E; chromel-alumel; diameter,
6 0.0155 inch.

. <]
N T~
[~ g
<3
b
.2 Ol &
Mo

B\DI': O ]
.1 A
08 .10 .2 4 6 .8 1.0

Free-stream Mach mumber, I

(£) Probe F; platimum plus 13-percent rhodium -

platinum; diemeter, 0.0174 inch.

Figure 11. - Concluded. Time constants of seven

thermocouples.
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10F_ N
sl— Nominal
| free-gtream
gl—  Mach number
Wire Probe
) 0.1 diam., D
a— q .2 o\\ (in.)
P> -3 0.0554 c
— A 4 5
a .5 L
2 v .6 NN;A
R 7 P
q .8
v .9
. %
© 1.0 3
-~ .8 s
iz
3 .6 1
g
S op
§ o .0176 = B
& 1S |, 0176 G (tailed
AN symbols)
, o | |
‘ /
N 53;33#{
e i
o ~Feo
.08 >
.0085 A
.06 v PR~
ﬁq.uii"?—
.04 L i
2 4 6 8 10° 2 4 6 8 10 2 4

Reynolds number, Re*

(a) Chramel-constantan.

Figure 12. - Time constants of thermocouples with Reynolds number based

on total temperature.
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Nominal
free-stream
Mach mumber
(o] 0.1
1.0 4 2
.8 >3 .3
o Tar. A 4
.6 = .
| v .6
2 T o T
§ A 3 ‘s
g e .9 Vire Probe;
S diam., D
) X (1n.)
é.z N 0.0160 D
v
.1
(b) Iron-constantan.
.8
S
.6 P
o 0\\
Sg 4 \\‘
o
2 =
g k
o -2 \5
.0158 E
E ki
B
.1
(c) Chromel-alumel.
.6
[5) .y
NG
3 .4 o
<
g o,
: I
o .2
o N
o Bl | ;0174 F
g I~
A
=]
L1 74
4 6 8 10° 2 4 6 8 10% 2

Reynolds number, Re*
(d) Platimum plus 13-percent rhodium - platimum.

Figure 12. - Concluded. Time constants of thermocouples
with Reynolds number based on total temperature.
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Retio of static to total temperature, T,/Ty,

and recovery ratio, Tw/Tt

NACA TN 2599

1.00 \\\\L\\
>~
< 97 III,..J v//
~
»
N 4‘% / //7 Region of
.96 > '{4///// Z probable —
\\_ ////, [ veriation
N /A in T /T,
N
N
N
A
.92 AN
\b
\
\\
N\
\\
.88
To/Tg\
\‘
\
\\
.84 N
.80
0 .2 .4 .6 .8 1.0

Mach number, M

Figure 14. - Recovery ratio of bare-wire thermocouple. Average
of previously accumulated data.
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Computed tipm constant, sec
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Figure 15. - Comparison of copputed time constent with experdmental time oonstant.
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":'I'Ill'l'

AV PR I B

0.8

0.9
1.0

s

Ty = S00° R Procedure: Comect ¥ to

p =1 atm cOmgctAtoT'maﬁnﬂinbaraact:mnB.
H=0.3 Comnect B to

D = 0.015 in,

(a) Homograph far computing B -
Pignre 16. - Nomographs for determining radiation error.
(A 10- by 12-in. print of this fig. is attached.)
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Equivalent
duot
temperature
Ta
Thermocouple
(OR) temperature
T,
(°r)
500
2000 5
750
1500
7
1250
9
000
100077
900 T
, T
700 :[L
15007
600 E
17501
500 2000~
400 zsooﬂ_;—
2 3

g

(b)’ Nomograph for computing (Td./Tv)4°
Figare 16. ~ Conoluded. Nomographs for determining rediation error.
(A 9- by 10-in, print of this fig. is attached.)
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Thermocouple | (PySy)ayvt Wire
material
Mach ﬁpbcPt dim;ter
mmber Chramel- To
constantan 1.30 A (seo) (in.)
0.1 Statio Iron- T 5 0.1
pressure constantan 1.24 0.09:_—
P 4 0.08:_—
0(:121) c:h:] mll 1.4 3 0.07 3~
) Platinum plus | , o» 0.063-
15-percent y 2 I
rhodimm - 0.05—::—
platinmum I
0.2 0.04F
1At room temperature. 1 b
0.8 R
0. 05 -
Total o 0.05
0.4 v - -8 I
0.2 . priin 0.5 3
0.5 T 0.4 I
0. t 0.02 1~
0. (°r) 0.3 1
8. 400 I
i 500 0.2 i
— a'}\ -
\&:\ g 1
0.5 800~ ~— % 3. ]
1000 b e | 0.1 0.01L 4+
2=~ 0.08 0.009
1500 0 : 0.008 -
0.08 0.007
3 2000 —~— 0.05 T
0.4 2500 ~ 0.006 -
4 5000 0O 1
5 ey TR 0.05 0.005 1
0.5 B B 0.004
é 0.02 |
0.6 10 0.003 ——
0.01 4
0.7 15 0.008
20 0.006 0.002 +
0.8 0.005
0.004 4
0.9 0.00%
1.0
i 0.002 0.001 —
Given: M = 0.5 Procedure: Comnect M to D and find Answer: Tpt © 0.04 sec
D = 0.006 in. intersection Tg (p.c
p=1atm Comect T, to P and find T1 =Tpt s
T, = 500° R intersection A. 2PpyCpy,
Chromel-alumel Connect A to T, and find T. = 0.057 sec

intersection TPt' 1
Multiply Tpy by number in
table to fimd Ty-
Figure 17. - Romograph for computing T,.
(A 11- by 12-in. print of this fig. is attached.)
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B Thercocouple 1 Statle
eaterisl (xpe/B) or Tressure, P .
ire
Chrazel - {ei=) Alacster, D
¥ach 5.32 15 f““)l
H (1/) Tren- 2.07 0.68
1.0 - 400 constanten £ "
3 k3 " 0.08
.9 Chromsl- 1 9 0.07
? -?1500 Y almel 3.0 8 0.08
-8 E 3 o
-3~ Platimm plus 13-percent 1.69 T3
I . ¥ rhodium - platinum . LN 0.05
j T 1 At rocy teupersture. 51 0.04
—+.6 z Terperatare < 3
3 : [&:V] F 0.03
E £3
E 0.02
]
k 0.01
7 0.009
0.008
0.007
0.006
\\
—_ 0.4 0.00s
T i ! -
T ©o o5
j_ N 0.4 0.003
I 0.3%
1 ]
4 ¥ 0.002
1 -
I, 1 1 1 k3
OJ—E
Oiven: Hw= 0.5 Procedmre: Connect H-to D and find intersection A. Ansver: (,-l;‘_l;,)m2 =20
D = 0.00S in, Coonect A to L/D and find intersection B. oy
L/p = 20 Comsct B to p and find intersection C, ('11132'(‘111')1’&2(—)
Pulam Cannect C to Ty and find intarsecticn (mL)pZ. &
T, = 500° R 2
t (n,L)¢ = &0
CErozel-aluze) Kultiply (“1")1»;2 by value in table to f£ind (,,1;,)3. Ay

Figure 18. - Homograph for computing (3,L)2.
(A 12- by 13-in. print of this fig. is sttached.)
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Figure 19. - Conduction coarrection factor, Vg = sech BZE
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1.0 0
\ ;
) ¥
. I\
g .8l Ll
3 ] ll .
| g
1
1 A4
§ Is “‘7 I .4
E ‘\ I/, 7 )
= { 7 (1%
E o — — .6
\ \ m ‘f/ /
g, \‘ \\ %.0 m "//, /
FOONSTT
9 ., S AN Y R
E’ \\ _'S\Q T[BL = 10
—,L = 10 > BN
SEEEND
| LN AT
o] .2 .4 .6 .8 1.0

Ratio of distance along wire to total length, x/L

Figure 20. - Temperature distribution along thermocouple consisting
of two wires of different thermal conductivity or diameter.

m nQL'
1.0 .
——— 1.00 0.35
> —_———— 32 .7
g —_— a3 1.2 ]
3 —————— 056 2.0
TS ———— 020 4.0
§ 8 By — 1
“o S e ey
8 T
3 BN B O
3 N
ﬁ \ \\_J
8 \
4 °° \
L\
A N
E ~
d \
V. \
q \_
H
&
'20 .05 .10 .15 .20 .25 .30

Distance along wire, x, in.

Figure 21. - Temperature distribution along wire with intermediate supports

as shown in figure 2(c).
L, 0.5 inchy L', 0.1 inch; np(I-L'), 1.4.

NACA - Langley Field, Va.

One-half symmetrical distribution is shown.
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NACA TN 2599

Wire
number, M temperature, T, diameter, D
. (°R) B A (in.)
W T 3:0.1
0.1 2000 _ .09
T = 2900 X
- ;:% zecn 1_ .OB
% T & 2700 - 07
T & 2600 T
_ 1 Fes0 E
P
T 2200 104
T j— 2100 T
T -+ 2000 I
I T 1900 I-.035
0.1 1800, - T
T -+ 1700 ¥
L 4 I .02
} 1600 1
‘ + 1500 —L
L 1400 I
0.3 13000 — = T J
T - .01
T 1200 =009
IT T .008
i: —}uoo —+-.007
A1 I
0 T 1000 006
_@ I —-.005
T 1900 -
0.5 - F T oot
i1l I
F {800 4
0.6 F T -003
T 1 /
1 T é/ £
T J-700 1
0.7 -~ -b /y'/ B
I T v/ —.002
0.8 4+ &
I 460 7 1
0.9 T &
I T d
1.0 2T /
o 1 L.o01
1 A
L, e
. 0 )

Given: Ty = 500° R  Procedure: Connect M to D and find intersection A. Answer: B, = 0.46° R

p =1 atm Connect A to T, and find intersection B. :
M=0.3 Comnect B to p and find answer B,.

D = 0.015 in.

(2) FNomograph for computing B -
Figure 16. - Nomographs for determining radiation error.
MACA-Lasgley - 3-18-83 - 100
——



NACA TN 2599 N
Equivalent
duct e
temperature
Ta (T3/7y)4 . o o
4 ermoconple
(OR) 10" = 8 temperature
5000 8
T,
o, o 3 (°R)
d 3
. 10° &,
6
4
2000 3
2
2
750 10° £,
=
5
1500
= 2
10 =
==-8
1250 6
- 2
1000
- 8
900 g
800 =2
0.1 =g
700 6
600 -2
0.01=%_
6
500
0.001 =g
) 400 6
0.0001

(b) Nomograph for computing (Td/Tv)4'
Figure 16. - Conoluded. Nomographs for determining radiation error.

HACA-Largley - 3-18-83 - 100
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NACA T 2599

Thermocouple (chw)avl Wire
Mach material _ZEPFP—I: diameter
ac T D .
mimber Chromel- 1.30 0 (in.) n
constantan A (sec) 01 -
Statlc r A e
0.1+ Iron- 5 0.09+}
A A pressure constantan 1.24 -} . o ot 3
— — T * -
i ml 1.44 Pt 3 0.07:-—
T 0. (sec) 0.06—~
1 Platinum plus 1.02 10 2 P F
1 13-percent ° 0.05- 1
-+ rhodium - 6 T
T latinum I
T o.2 P § 0.04%-
T 1At room temperature. 1 I
T o 2 0.8 0.03 1
T Total 0.6 E N
T o temper- 1 0.5 F
0.2 o ature 0.4 I
:: 0 Tt 0.6 0.02
0 (°R) 8; 0.3 T
1l 0 400 : I
» I 9 500 0.2 0.2 1
-, —_— wo\ T -
T ~ - -
T 3()0\\\\\e 3 0.1 T
0.5~ 1000 = B\\\\\\*\A = 0.1 0.01
1 bp T I 0.06F | 0.08 0.009 .
I 1500 .0 0.088_ | ) 0.008
I 0.05 ™~ 0.06 0.007 4
I 2000 ~—__ 0.05 1
ot 2500 0.02 ~o.08-%, ——0-006 -
¥ 3000 Tl - . +
I o —0.000 0.03 0.005 -
£ — — — THi— ste 1P 0.006 0.004 -
0.5 =+ * 0.02 y .
T 0.004 =+
0.003 0.003
0.6 1 0.002
I 0.01 4
I 0.008
0.7 +— 0,001 - R iR
I 0.006 0.002
0.8 —-E- 0.005
B 0.004 4
0.9 0.003
1.0
n 0.002 0.001 —
Given: M = 0.5 Procedure: Comnect M to D and find Answer: Tpg = 0.04 sec
D = 0.006 in. Intersection T4 o (pwc av
P = latm Connect T, to p and find T Pta -
Tt = 500° R intersection A. ppt Pt
Chromel-alumel Connect A to Ty and find T. = 0.057 sec
intersection TPt' 1 ]
Multiply TPt by number in
table to find T- A

Figure 17. - Nomograph for computing T,.

NACA-Langley - 3-18-83 - 100
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NACA T 2599

Mach
number
M (L/p)
—_gl.o 400
+.9
I 300
—-.8
17 200
+.6
X
i T~ _F 100
T
i 10
I 60
I S0
T
’___ 03 40
I
. 30"‘
I
. =12 2
-+
T
1 10
T 9
T 8
1 7
I 6
| 5
Given: M=0.
D= 0.
L/D = 30
p=1
T, = 500°

MACA-Langley - 3-18-83 - 100

Chromel-alumel

{ td

—

Procedure:

Connect A to L/D and find intersection B.
Connect B to p and f£ind intersection C.

Comnect C to Ty and £ind intersection (n;L) Ptz-

Multiply (n.L),

Figure 18, - Nomograph for computing (qlL)z.

A_
Thermocouple 1 T
material (th/ ku) av
Chromel -
constantan 5.52
Iron-
constantan 2.07
Chromel-
ﬁ- alumel 5.01
Platinum plus 13-percent 1.69
rhodium - platinum ¢
1 At room temperature,
Tempe
2 3000
(n, L) py
1000 2500
800
600 2000.
400
300
-~ 1500
@\ M\
~8tep 3
%° =D
—
ig N T~ 1000
s0_ (p/p)—step B2 — —— T %00
== 20- T pa—step 3—P
— P 3 700
o :
§° ~—step t T —— | 600
~500
3
2 400
1
c ry ~
Connect M to D apd find intersection A.

2 by value in table to find (n;1)%.
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Procedure:

Figure 18, - Nomograph for computing (nlL)z.

rhodium - platinum

materdal © Gepy/ i) ey
constentan .32
o atan 2.07
Orwomel- 3.01
Platinum plus 13-percent 1.69

L At room temperature.

Conneet M to D and find intersection A.
Connect A to L/D and find intersection B.
Connect B to p and find intersection C.
Comnect C to Ty and £ind intersection (nyL)p,2.

Multiply (n)L),.? by value in teble to £ind (5 1)2.

TS

Static
pressure, P
(atm)

] u O~ 0)(0'6

[&]

~—

0.1

(TI]_L)PtZ =20

Wire
diameter, D
(in.)

0.09
0.08
0.07

0.06
0.05

0.04

0.03

0.02

0.01
0.009
0,008

0.007
0.006

S~
0.005

0..004

0.003

0.002

0.001

(n1)% = (n,L)ps? ({-:’;—t—)

(T\lL)z = 60



